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Genetic aberrations in the hepatocyte growth factor receptor tyrosine

kinase MET induce oncogenic addiction in various types of human can-

cers, advocating MET as a viable anticancer target. Here, we report that

MET signaling plays an important role in conferring a unique metabolic

phenotype to cellular models expressing MET-activating mutated variants

that are either sensitive or resistant toward MET small molecule inhibitors.

MET phosphorylation downregulated by the specific MET inhibitor tepo-

tinib resulted in markedly decreased viability and increased apoptosis in

tepotinib-sensitive cells. Moreover, prior to the induction of MET inhibi-

tion-dependent cell death, tepotinib also led to an altered metabolic signa-

ture, characterized by a prominent reduction of metabolite ions related to

amino sugar metabolism, gluconeogenesis, glycine and serine metabolism,

and of numerous TCA cycle-related metabolites such as succinate, malate,

and citrate. Functionally, a decrease in oxygen consumption rate, a

reduced citrate synthase activity, a drop in membrane potential, and an

associated misbalanced mitochondrial function were observed exclusively in

MET inhibitor-sensitive cells. These data imply that interference with meta-

bolic state can be considered an early indicator of efficient MET inhibition

and particular changes reported here could be explored in the future as

markers of efficacy of anti-MET therapies.

Introduction

The activation of the MET receptor tyrosine kinase

(RTK) signaling by binding of its ligand, the hepatocyte

growth factor (HGF), is indispensable for a variety of

biological processes, including tissue homeostasis and

embryonic development [1]. Although MET–HGF

interaction mediates a wide range of normal cellular

activities, deregulated MET signaling is strongly

associated with tumor progression and local invasion

[1]. Gain-of-function alterations of the MET receptor

cause its aberrant activation and lead to oncogenic con-

sequences [2]. In numerous types of cancers, abnormal

MET activity results from activating mutations, recep-

tor overexpression, or by upregulation of HGF expres-

sion, thus creating auto- or paracrine signaling loops

Abbreviations

CASP2, caspase-2; CoA, coenzyme A; EGFR, epidermal growth factor receptor; ETC, electron transport chain; HGF, hepatocyte growth

factor; METi, MET inhibition; MS, mass spectrometry; OCR, oxygen consumption rate; PCA, principal component analysis; ROS, reactive

oxygen species; RTK, receptor tyrosine kinase; TCA, tricarboxylic acid; TIGAR, TP53-induced glycolysis and apoptosis regulator; TKI, tyrosine

kinase inhibitor.

2692 The FEBS Journal 286 (2019) 2692–2710 ª 2019 Federation of European Biochemical Societies

https://orcid.org/0000-0003-0649-469X
https://orcid.org/0000-0003-0649-469X
https://orcid.org/0000-0003-0649-469X
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.14852&domain=pdf&date_stamp=2019-05-11


[3]. MET overexpression has been detected in 20–60%
of various human malignancies [4] and is associated

with its transcriptional activation or gene amplification.

Deregulated MET is considered to be an important

molecular target in cancer therapy and several MET

inhibitors are currently evaluated in Phase II and/or

Phase III clinical trials [5]. These compounds, effec-

tively targeting both overexpressed receptors and most

of the activating MET-mutated variants, have previ-

ously shown promising preclinical potency in inhibiting

MET signaling-mediated tumor growth, tumor-associ-

ated angiogenesis, and invasion [6]. However, and

despite the relative intensive characterization of action

of anti-MET compounds and their impact on activation

of MET-downstream signaling cascades, important

aspects of MET inhibition (METi), such as a potential

metabolic reprogramming in cancer cells caused by

inhibition of the MET signaling, have not been assessed

so far.

Metabolomics delivers in-depth information regard-

ing metabolic changes associated with particular phe-

notypic traits or responses to perturbations [7].

Current metabolomic studies in oncology mainly focus

on revealing biomarkers to determine diverse states of

cancer [8] and the action, responsiveness, and toxicity

of drugs [9], along with therapeutic resistance [10].

Emerging data show that driver genes in cancer, dereg-

ulated function of oncogenes, and genetic mutations

pertaining to critical cancer regulators and pathways

such as, for example, MYC, RAS, and PI3K/Akt, are

associated with explicit metabolic activities [11–13].

Furthermore, metabolomic approaches have proven to

be powerful tools also in the study of drug metabolism

modulated by inhibition of RTKs such as the epider-

mal growth factor receptor (EGFR) [14].

As to metabolic effects of specific targeting of the

MET receptor, it has been previously reported that

METi results in significant downregulation of the

TP53-induced glycolysis and apoptosis regulator

(TIGAR) with subsequent depletion of intracellular

NADPH levels [15], suggesting that inhibition of a

MET–TIGAR–NADPH cascade may have therapeutic

relevance in cancer treatment. The aim of the present

study was to explore the correlation between the inhi-

bition of the MET receptor and cellular metabolism

by comparing drug responsiveness on metabolomics

level in MET inhibitor-sensitive and -resistant in vitro

models in which the MET RTK is constitutively active

due to activating point mutations. Our results imply

that METi selectively modulates metabolomic profile

as well as oxygen consumption rate (OCR) and mito-

chondrial function in drug-sensitive but not in drug-re-

sistant cells.

Results

Distinct MET-activating mutations are

characterized by different metabolic profiles

Numerous preclinical studies and clinical trials are

evaluating MET as a potential therapeutic target

[16,17]. Detailed understanding of less documented

aspects of MET targeting, such as impact on cellular

metabolism or immune response, will become particu-

larly important for their successful clinical use. In

order to gain first insights into the modulation of

metabolism following MET targeting, isogenic

NIH3T3 mouse fibroblast cell lines stably expressing

MET-activating point mutations M1268T, Y1248H,

L1213V, or H1112L (denoted as ‘M1268T’,

‘Y1248H’, ‘L1213V’, and ‘H1112L’ cells, respectively)

were used. These cell lines display sensitivity

(M1268T and H1112L) or resistance (Y1248H and

L1213V) toward distinct MET small molecule tyro-

sine kinase inhibitors (TKIs) including SU11274,

PHA665752, or tepotinib [18,19] and thus serve as a

valuable tool in studying impact of METi on various

aspects of cellular fitness. Here we initially tested the

effect of tepotinib [50 nM; EMD1214063 (referred to

as EMD)] on the viability of these four cell lines fol-

lowing 2, 8, 24, 48, and 72 h of inhibitor treatment

(Fig. 1A,B). We could demonstrate that tepotinib

effectively decreases viability of both sensitive cell

lines (Fig. 1A,B). An approximately 50% drop after

24 h and a highly significant reduction down to 80%

at later time points were observed in M1268T cells,

whereas METi caused about 25% decrease in viabil-

ity after 48 h and 80% after 72 h in the H1112L

cells (Fig. 1B). In contrast, viability of tepotinib-resis-

tant Y1248H and L1213V cells was not affected by

METi at any of the studied time points (Fig. 1A,B).

As anticipated, when assessing downstream signaling

of MET in all four NIH3T3 cell lines at 30 min, 2,

8, 24, 48, and 72 h upon METi (Fig. 1C), the

decrease in MET activation by tepotinib in drug-sen-

sitive cell lines M1268T and H1112L was associated

with an inhibition of the activation state of MET-

downstream signaling molecules Akt and Erk1/2. On

the contrary, Y1248H and L1213V cell lines did not

display any inhibition of enzymatic activity of MET,

Akt, and Erk1/2 upon METi (Fig. 1C).

Assessment of cell death induction by caspase-3

enzymatic activity measurements recapitulated that

Y1248H and L1213V cells do not undergo apoptosis

upon METi (Fig. 1D). On the other hand, METi led

to a significant increase in caspase-3 enzymatic activity

compared to DMSO-treated controls in M1268T upon
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24, 48, and 72 h and in H1112L upon 72 h of METi

treatment (Fig. 1D).

To possibly associate the documented phenotypic

differences between M1268T, H1112L, Y1248H, and

L1213V cells upon METi to changes in metabolic

states of these MET-mutated variants, their metabolo-

mic profiling following treatment by 50 nM of tepo-

tinib for 30 min, 2, and 8 h was performed. As at

these time points the impact of METi on cell prolifera-

tion and viability is not yet apparent (Fig. 1A,D), any

differences at metabolomic level should reflect either

early or intermediate events occurring following METi.

These processes precede secondary events resulting

from late-mediated effects of MET signaling inhibition

such as cell cycle changes or apoptosis. Upon metabo-

lites extraction, non-targeted mass-spectrometry-based

metabolomics measurements were conducted and the

resulting data were analyzed with respect to inter- and

intra-cell lines differential responses to METi. Interest-

ingly, unexpected evident differences on the metabolic

level were detected between the four isogenic cell lines

already under unperturbed conditions. More specifi-

cally, as illustrated by Volcano plots in Fig. 1E, statis-

tically significant differences (log2FC > 0.5; adj. P-

value < 0.01) in the abundance of particular metabo-

lite ions (Table S1) were identified when comparing

basal metabolomes of these four isogenic cellular mod-

els. This was at a first sight a surprising finding as the

NIH3T3 cell lines used in this study all ectopically

express the MET receptor that differs exclusively in

the nature of receptor-activating mutation [20] and

their MET expression levels as well as receptor activa-

tion [as inferred from MET autophosphorylation (e.g.,

pMET (Tyr1234/5)) status] are very similar (Fig. 1F).

At the same time, however, their signaling downstream

of the receptor (e.g., activation of the PI3K and

MAPK pathways) in unperturbed state seems to have

different intensity (Fig. 1F). In that respect, MET

M1268T and H1112L variants, for example, appear to

convey a stronger stimulus to activate downstream sig-

nals such as phosphorylation of Erk1/2 as compared

to the Y1248H and L1213V variants (Fig. 1F). Thus,

it is plausible to speculate that this phenomenon,

which has been previously addressed by others [21,22]

and lies outside of the scope of the current study,

might underlie the reported differences in the basal

metabolomic profiles of cell lines harboring these dis-

tinct MET-activating mutations.

METi attenuates metabolic activity of METi-

sensitive cells

To study pre-apoptotic impacts of METi on cellular

metabolome in METi-sensitive and METi-resistant cel-

lular models, M1268T, H1112L, L1213V, and Y1248H

cells were treated with tepotinib (f.c. of 50 nM) for

30 min, 2, and 8 h and differential abundance of intra-

cellular metabolites following these perturbations as

compared to DMSO-treated samples was assessed

[principal component analysis (PCA) shown in

Fig. 2A].

Statistically significant (log2FC > 0.5; adj. P-value

< 0.01) changes in metabolite ions profiles occurred in

both resistant as well as sensitive cell lines at all the

studied time points (e.g., 30 min, 2, and 8 h) post

METi, yet with substantially higher number of hits in

tepotinib-sensitive variants (Fig. 2B). Metabolism in

the H1112L cell line was mostly affected after 30 min

of METi treatment, while M1268T cells displayed

numerous significant changes in metabolite ion abun-

dance at all the three studied time points, suggesting

that the reaction time of drug-sensitive cell lines differs

depending on the particular mutation present.

Upon 8 h of treatment, METi effectively abrogates

MET-related signaling in sensitive cell lines ([23] and

Fig. 1C) but at the same time the cells are not commit-

ted to apoptosis yet (Fig. 1D). Importantly, at this

time point almost no significantly altered metabolite

ions were detected in tepotinib-resistant Y1248H and

L1213V cells, whereas a profound alteration in the

metabolic state was apparent in both tepotinib-sensi-

tive cell lines. Table 1 shows metabolite ions that were

the most altered in abundance [72 metabolite ions for

M1268T, 24 metabolite ions for H1112L, 7 metabolite

ions for L1213V, and 18 metabolite ions for Y1248H

(log2FC > 0.5; adj. P-value < 0.01)] in each of the four

Fig. 1. (A) The effect of tepotinib (50 nM) on the viability of Y1248H, M1268T, L1213V, and H1112L cell lines following 2, 8, 24, 48, and

72 h of treatment assessed by crystal violet staining. (B) Quantification of the viability (crystal violet staining) of Y1248H, M1268T, L1213V,

and H1112L cell lines, showing the differential impact of tepotinib. Shown is the mean � SD from three independent experiments

(*P < 0.05; **P < 0.01; ***P < 0.001). (C) Western blot analysis of a time course METi treatment (30 min, 2, 8, 24, 48, and 72 h) of

Y1248H, M1268T, L1213V, and H1112L cells. (D) Apoptosis evaluation by caspase-3 determination. (M1268T METi 24 h *P = 0.0588; 48 h

*P = 0.0526; 72 h *P = 0.0752; H1112L METi 72 h *P = 0.0554). (E) Volcano plot showing statistically significant differences (dark blue,

log2FC > 0.5; adj. P-value < 0.01) by comparing the four isogenic unperturbed cellular models Y1248H, M1268T, L1213V, and H1112L. (F)

Western blot analysis of unperturbed Y1248H, M1268T, L1213V, and H1112L, loading was normalized according to total MET levels.
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cell lines following 8 h of METi by tepotinib [all

altered metabolite ions in four cell lines at this time

point are presented also in metabolomics networks

maps (Fig. 3A)]. Interestingly, most of the metabolite

ions whose occurrence was significantly changed in the

Y1248H and L1213V cell lines post METi, such as for

example, increased acetyl-CoA and reduced

monophosphates (GMP, CMP, and UMP), tend to be

altered in a similar manner also in the M1268T and

H1112L cells upon tepotinib exposure, suggesting that

these changes may be related to plausible off-target

effects of the drug. From the METi-induced metabolic

changes that occurred after 8 h of treatment exclu-

sively in METi-responsive cell lines, 48 out of 72 (in

M1268T) and 21 out of 24 (in H1112L) [e.g., lactic

acid, citric acid, lysine, panthothenic acid, pyridoxine

(all affected in both these cell lines), adenylsuccinic

acid, fumaric acid, malic acid, UMP/CMP/GMP, and

xanthine] were decreased. This observation most likely

reflects reduction in cell proliferation and a concomi-

tant or subsequent attenuation of metabolic activity of

these cells. Strikingly, these most altered metabolite

ions upon METi in both drug-sensitive cells seem to

be related to mitochondrial function.

Fig. 2. (A) Principal component analysis (PCA) with two principal components. M1268T, H1112L, L1213V, and Y1248H cells were treated

with tepotinib (f.c. 50 nM) for 30 min, 2, and 8 h and compared to DMSO-treated samples. (B) Volcano plots showing statistically significant

differences (dark blue, log2FC > 0.5; P-value < 0.01) by comparing the perturbed (30 min; 2; 8 h METi) and unperturbed cellular models

Y1248H, M1268T, L1213V, and H1112L.

2696 The FEBS Journal 286 (2019) 2692–2710 ª 2019 Federation of European Biochemical Societies

Metabolic changes associated with MET inhibition M. Poliakov�a et al.



Table 1. List of metabolites that were the most altered in abundance [18 metabolite ions for Y1248H, 72 metabolite ions for M1268T, 24

metabolite ions for H1112L, and 7 metabolite ions for L1213V (log2FC > 0.5; adj. P-value < 0.01)] in each of the four cell lines following 8 h

of METi by tepotinib

Metabolite log2(FC) adj. P-value m/z mz difference

Y1248H METi 8 h vs Ctrl

UMP �1.9131068 8.55456E-05 323.0287 �0.000117374

GMP �0.8038525 8.55456E-05 362.0509 �0.000222967

PE(16:1(9Z)/P-18:1(11Z)) 0.5941949 8.55456E-05 698.5126 0.000440546

PE(18:1(11Z)/P-18:1(11Z)) 0.6553709 8.55456E-05 726.5437 0.000614133

Glucosylceramide (d18:1/18:0) 0.5892093 0.000123662 726.5861 0.002814421

dUMP �0.5594595 0.000277455 307.0343 �0.000639948

Phosphoglycerate �0.5441018 0.000335076 184.9861 �0.00041831

CDP �0.5629979 0.000394405 402.011 �6.39825E-05

Acetyl-CoA 1.0771395 0.000394405 808.1212 �0.002741938

IMP �0.7703539 0.000712439 347.0398 3.64256E-05

Glutathione �0.657551 0.001128423 306.0769 �0.000374071

Acetylglucosamine P �0.5693985 0.00114458 300.049 �6.69226E-05

ADP �0.5715384 0.002564304 426.0223 �0.000175224

NADPH (red) 1.0973315 0.003872648 744.0852 �0.001434993

Coenzyme A �0.8346619 0.006714527 766.1079 4.48431E-05

dATP �0.5882451 0.006714527 489.9921 0.001494474

Ketovaline 0.5074082 0.007321412 115.0401 6.40908E-06

Adenylsuccinic acid �1.0334311 0.008973892 462.0676 �0.0008426

H1112L METi 8 h vs Ctrl

Tetrahydrocortisol �4.2368653 0.002427918 365.2349 �0.001538017

UMP �1.3696665 0.006271289 323.0287 �0.000117374

CMP �1.0780129 0.006721396 322.045 �0.000412609

Oxoproline �1.0188136 0.000513597 128.0353 �1.97252E-05

Malate �0.9087574 0.000440649 133.0143 �8.75444E-06

Acetyl-Glu �0.7925104 0.000440649 188.0566 �0.000149859

Histidine �0.7855465 0.001861758 154.0623 �0.000104323

CDP �0.7448549 0.006271289 402.011 �6.39825E-05

Lactate �0.7352988 0.004029021 89.02439 2.22823E-05

dADP �0.6987542 0.002427918 410.0265 0.000760309

Pantothenic acid �0.6823093 0.003540813 218.1037 �0.000271253

Pyridoxine �0.6374692 0.003854689 168.0667 �5.05062E-05

Oxalosuccinic acid �0.6333441 0.00220036 189.0048 �0.000769051

4-Acetamidobutanoate �0.6294835 0.000440649 144.0665 0.000128309

(Iso)Leucine �0.6123422 0.002427918 130.0873 8.95809E-05

Lysine �0.5890686 0.003540813 145.0982 2.85199E-05

Valine; Betaine �0.571566 0.003540813 116.0718 �5.67338E-05

UDP �0.5621434 0.007435176 402.9952 �0.000311526

Tyrosine �0.5542808 0.003540813 180.0663 0.000314756

Phenylalanine �0.5465387 0.003540813 164.0717 1.50435E-05

Methionine �0.5234327 0.003540813 148.044 �0.000190815

Cortexolone 0.6017827 0.009478665 345.2057 0.001455585

PE(14:0/18:2(9Z,12Z)) 0.7061845 0.007435176 686.475 0.001633395

3a,21-Dihydroxy-5b-pregnane-11,20-dione 0.7280276 0.005226116 347.2225 0.000312052

M1268T METi 8 h vs Ctrl

CMP �1.6318 1.02E-11 322.045 �0.00041

ATP 1.190145 2.46E-10 505.9884 0.000111

AMP �1.20804 5.18E-10 346.0558 1.28E-05

ADP �0.63237 1.41E-09 426.0223 �0.00018

UTP 1.005496 1.41E-09 482.9618 �0.00058

UMP �2.78496 2.48E-09 323.0287 �0.00012

CTP 0.875788 1.31E-08 481.9773 �8.2E-05

4-Methyl-2-oxopentanoate �0.80728 3.52E-08 129.0555 0.000207
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Table 1. (Continued).

Metabolite log2(FC) adj. P-value m/z mz difference

GTP 1.1366 9.52E-08 521.9838 �0.00041

dATP �0.67806 3.02E-07 489.9921 0.001494

Hexose P �0.66721 3.02E-07 259.0247 �0.0023

Pyridoxine �0.69641 3.55E-07 168.0667 �5.1E-05

Adenylsuccinic acid �3.2362 4.22E-07 462.0676 �0.00084

GMP �1.48596 4.83E-07 362.0509 �0.00022

Oxidized glutathione �0.82538 4.83E-07 611.1451 �0.00037

CDP-ethanolamine 0.913766 4.83E-07 445.0535 �0.00044

Xanthine �1.8626 7.06E-07 151.0263 �0.00019

Glutamate �0.61216 7.33E-07 146.0459 �1.5E-05

CDP �0.70073 9.45E-07 402.011 �6.4E-05

dADP �0.74589 1.11E-06 410.0265 0.00076

Coenzyme A �1.14896 1.24E-06 766.1079 4.48E-05

Lactate �0.73737 2.21E-06 89.02439 2.23E-05

Aminobutanoic acid (ABA) �0.64411 2.63E-06 102.0561 �9.6E-05

Pantothenic acid �0.84682 4.28E-06 218.1037 �0.00027

5-L-Glutamyl-L-alanine �0.68856 4.28E-06 217.0825 0.000474

Succinate �0.57673 4.28E-06 117.0192 9.96E-05

Phenol sulfate �0.51048 4.28E-06 172.9906 0.000786

dTDP �0.77886 6.48E-06 401.0151 0.00058

IMP �1.43349 1.09E-05 347.0398 3.64E-05

Hexuronate �0.60528 1.11E-05 193.0349 0.000475

NADPH (red) 6.442422 1.7E-05 744.0852 �0.00143

Prostaglandin E2 �1.17871 1.75E-05 351.2172 0.000544

PC(15:0/P-18:1(11Z)) 0.72656 1.98E-05 728.5597 0.000271

Palmitoleic acid �0.99024 2E-05 253.2175 �0.00021

UDP �0.5628 2E-05 402.9952 �0.00031

Malate �1.28094 2.77E-05 133.0143 �8.8E-06

Hexonic acid �1.39542 2.88E-05 195.0511 �9E-05

Acetylglucosamine P �1.56774 3.58E-05 300.049 �6.7E-05

Ethanolamine phosphate 0.895803 5.84E-05 140.0119 �6.7E-05

dUMP �0.68482 6.93E-05 307.0343 �0.00064

Hydroxyglutarate �0.58757 7.4E-05 147.0301 �0.00019

(Iso)Citrate �1.47429 0.000107 191.02 �0.00032

Glucosylceramide (d18:1/18:0) 0.579293 0.000109 726.5861 0.002814

Chenodeoxycholic acid �0.84565 0.000132 391.2851 0.000263

PE(18:1(11Z)/P-18:1(11Z)) 0.635625 0.000147 726.5437 0.000614

Acetyl-CoA 1.818765 0.000182 808.1212 �0.00274

Orotidine �0.70689 0.000221 287.0523 �0.00018

Alpha-Linolenic acid �0.53237 0.00034 277.2172 7.63E-05

Diadenosine triphosphate �0.53016 0.00034 755.0769 �0.00221

Oxoproline �0.52397 0.00034 128.0353 �2E-05

C22:6 �0.78572 0.000368 327.2328 9.77E-05

Inosine �0.99563 0.000378 267.0735 �4.2E-05

Urate �0.71789 0.000443 167.0209 0.000149

PE(16:1(9Z)/P-18:1(11Z)) 0.636702 0.000644 698.5126 0.000441

Iodotyrosine �0.51065 0.000645 305.9631 0.000189

Lysine �0.59286 0.00069 145.0982 2.85E-05

Ketovaline 0.546207 0.000752 115.0401 6.41E-06

PE(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 0.673313 0.00083 762.5091 �0.00113

C15:5 0.544101 0.000934 189.0915 0.000636

8,11,14-Eicosatrienoic acid �0.91361 0.001013 305.2488 �0.00017

Hexose bisP �1.04899 0.001057 338.9892 �0.0004

PC(15:0/18:2(9Z,12Z)) 0.555055 0.001057 742.5391 9.96E-05

PC(15:0/20:5(5Z,8Z,11Z,14Z,17Z)) 0.624708 0.002181 764.524 �0.00047
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Given the metabolic differences observed between

untreated tepotinib-sensitive and tepotinib-resistant

cells, we created heat maps (Fig. 3B) determining top

hits of metabolite ions in the drug-sensitive cell lines

M1268T and H1112L at the 30 min, 2, and 8 h time

points post METi, which do not occur in the drug-re-

sistant Y1248H and L1213V cells. Although these

changes do not appear relevant for both tepotinib-sen-

sitive cell lines necessarily at identical time points,

many metabolite ions that are affected by METi in

both M1268T and H1112L cells have the same

mode of regulation (Fig. 3B). At 30 min upon tepo-

tinib treatment, metabolite ions such as glycine, ala-

nine, fumarate, and hexose phosphate were

downregulated in both tepotinib-sensitive cells and sig-

nificant at the same time at least in one of them. Simi-

larly, UMP and lactate as well as citrate, UDP and

pyridoxine metabolite ions were downregulated in

tepotinib-sensitive cell lines at 2 or 8 h post METi,

respectively.

METi significantly alters TCA-associated

metabolism in METi-sensitive cells

Pathway enrichment analysis (Fig. 4) (log2FC > 0.5;

adj. P-value < 0.01) revealed that the alterations

observed in both M1268T and H1112L cells upon

METi at time points ranging from 30 min to 8 h per-

tain to amino sugar metabolism (about two- to three-

fold decrease at 30 min and 8 h), DNA replication

fork function (>5-fold change at 30 min and 8 h),

citric acid cycle (fold change of up to 5 in H1112L

30 min post METi), gluconeogenesis and glycine and

serine metabolism (two- to threefold decrease upon

METi), lactose synthesis (two- to fourfold change

decrease at both 30 min and 8 h), and metabolites

associated with transcription/translation and with

transfer of acetyl groups into mitochondria (up to six-

fold change decrease). Importantly, aside from the

slightly altered pyrimidine metabolism and metabolites

associated with transcription/translation, these path-

ways were not affected by tepotinib in the isogenic

drug-resistant cell lines Y1248H and L1213V.

Since many of the pathways that were altered in

response to METi in tepotinib-sensitive cell lines are

associated with the function of mitochondria [e.g.,

citric acid cycle, transfer of acetyl groups into mito-

chondria) and also most of the metabolite ions

reported in Table 1 (e.g., fumaric acid, panthothenic

acid, pyridoxine, malic acid] are related to mitochon-

drial pathways, we focused our further analysis solely

on changes of all mitochondria-relevant metabolite

ions in all four cell lines at the three investigated time

points (Fig. 5). A substantially higher number of

changes related to mitochondria-associated metabolite

ions was detected in METi-sensitive M1268T and

H1112L cells compared to the drug-resistant cell lines

Y1248H and L1213V. Importantly, TCA cycle

metabolite ions were decreased following METi in

both tepotinib-sensitive cell lines. Fumarate, malate,

oxoglutarate and citrate were significantly decreased

in the H1112L cell line upon 30 min of METi and

partially but not significantly after 2 and 8 h of treat-

ment. Succinate, malate, and citrate were decreased

Table 1. (Continued).

Metabolite log2(FC) adj. P-value m/z mz difference

PS(18:0/20:4(8Z,11Z,14Z,17Z)) 0.599255 0.00252 810.5284 0.000702

C24 Cer 0.551675 0.002592 648.6286 0.001441

Lipoamide �0.66136 0.002691 204.052 0.000236

Cholestane-3,7,12,25-tetrol-3-glucuronide �0.74516 0.002859 611.3793 0.000772

PE(O-18:1(1Z)/20:4(5Z,8Z,11Z,14Z)) 0.509356 0.003328 750.5445 �0.00023

PE(20:4(5Z,8Z,11Z,14Z)/P-18:1(11Z)) 0.550027 0.004772 748.5276 0.001089

PE(18:3(6Z,9Z,12Z)/P-18:1(11Z)) 0.57514 0.005065 722.5127 0.000277

PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/P-18:1(11Z)) 0.512614 0.005536 772.528 0.000653

PE(O-16:1(1Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 0.506793 0.007709 746.5116 0.001447

L1213V METi 8 h vs Ctrl

5-Aminoimidazole ribonucleotide �0.6339898 0.000107112 294.0471 0.002535516

4-Coumaryl alcohol 1.3672634 0.000107112 149.061 �0.00018237

N-Desmethyltamoxifen �1.6319744 0.000371828 356.1992 0.002771699

Tetrahydrocortisol �1.9853996 0.0016536 365.2349 �0.001538017

CMP �0.6928528 0.0016536 322.045 �0.000412609

Prunasin �0.7017561 0.003384613 294.0973 0.001038583

Aminobutanoic acid (ABA) �0.7514806 0.004595023 102.0561 �9.64506E-05
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upon METi at all given time points in both lines. The

drop of nucleotide diphosphates (ADP and GDP) as

well as of coenzyme A was also detected at all given

time points in M1268T cells and following 30 min of

METi in the H1112L cell line. Strikingly, nucleotide

triphosphates (ATP and GTP) were increased in

M1268T upon 8 h of METi, whereas a decrease was

observed upon 30 min of METi treatment in H1112L

cells. However, levels of ADP and AMP were

decreased upon METi in Y1248H, M1268T, H1112L

and in Y1248H, M1268T, L1213V, respectively,

(Table S2), suggesting potential off-target effects of

tepotinib. Taken together, observed overall decrease

in TCA-related metabolite ions in METi-sensitive cell

lines indicate METi-induced changes in mitochondrial

function.

Fig. 3. (A) Metabolomic Network Maps for M1268T, H1112L, L1213V, and Y1248H cell lines, where the changed metabolite ions are

plotted according to the fold change and significance upon 8 h of METi. (Light Blue region—Glycan Biosynthesis and Metabolism, Cyan—

Lipid Metabolism, Dark Blue—Carbohydrate Metabolism, Light Green—Metabolism of Terpenoids and Polyketides, Light Brown—

Xenobiotics Biodegradation and Metabolism, Dark Orange—Metabolism of Other Amino Acid, Light Orange—Amino Acid Metabolism, Red

—Nucleotides Metabolism, Purple—Energy Metabolism, Dark Pink—Biosynthesis of Other Secondary Metabolites, Light Pink—Metabolism

of Cofactors and Vitamins). (B) Heat map determining top hits of metabolites in the drug-sensitive cell lines M1268T and H1112L at the

30 min; 2 and 8 h timepoint post METi, without changes occurring in the drug-resistant Y1248H and L1213V cellular models.
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METi affects mitochondria and its function

As on the metabolomic level, we could detect changes

in abundance of numerous TCA cycle metabolite ions

(Fig. 5) or metabolites associated with this pathway in

both METi-sensitive cell lines M1268T and H1112L

(Table S2), we wished to further explore whether

METi possibly alters cellular mitochondrial function.

To that end, we investigated oxygen consumption rate

(OCR) and extracellular acidification rate (ECAR) in

METi-sensitive M1268T and METi-resistant Y1284H

cell line. As expected, METi treatment for 8 h

Fig. 4. Pathway enrichment analysis (log2FC > 0.5; adj. P-value < 0.01) revealing alterations observed in Y1248H, M1268T, L1213V, and

H1112Lcells upon METi at timepoints ranging from 30 min to 8 h (pos: positive change of pathway compared the perturbed cell line to Ctrl;

neg: negative change upon METi compared to Ctrl.)

Fig. 5. Metabolic changes of all

mitochondria-relevant metabolite ions in

Y1248H, M1268T, L1213V, and H1112L

cellular models at the 30 min; 2 and 8 h

timepoint post METi.
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decreased basal and maximal mitochondrial OCR

(~ 25%) in M1268T cells, leading to a decreased ATP-

derived OCR (~ 35%) (Fig. 6A,B). In contrast, basal

or maximal OCR levels were not affected by tepotinib

in Y1248H cells. Interestingly, we found a ~ 2-fold

increased leak respiration in Y1248H cells, which led

to a decrease in ATP-derived OCR (~ 25%), an obser-

vation that might be related to mild uncoupling of

mitochondria [24] and potential off-target effects of

tepotinib (Fig. 6A,B).

Extracellular acidification rate was not affected in

any of the two investigated cell lines, suggesting that

tepotinib might not directly interfere with cellular gly-

colytic rates. Interestingly, Y1284H cell line substan-

tially decreased ECAR in response to the respiratory

chain inhibitors rotenone and antimycin A (~ 70%),

while ECAR was only marginally decreased in

M1268T (~ 25%) under the same conditions (Fig. 6C-

D). These findings indicate that aerobic CO2 contribu-

tions to ECAR are different in these two isogenic cell

lines [25].

Moreover, the activity of citrate synthase, a com-

monly used marker of mitochondrial abundance [26],

was significantly reduced following METi in M1268T

but not in Y1248H cells as compared to their

untreated controls (Fig. 6E). Interestingly, basal

expression of citrate synthase seems to be significantly

higher (by ~ 40%) in M1268T cells as compared to the

Y1248H line (Fig. 6E), an observation that could be

potentially attributed to different metabolic profiles of

these isogenic cell lines (Fig. 1C).

We further examined mitochondrial status of these

cells following METi by visualizing this cellular com-

partment using MitoTracker� that is taken up by

and concentrated in metabolically active mitochon-

dria. Interestingly, mitochondria in METi-treated

M1268T cells show granular appearance with expres-

sion of brighter fluorescence, whereas mitochondria

in Y1248H cells do not change its phenotype upon

tepotinib treatment (Fig. 6F). As mitochondria are

an important source of reactive oxygen species

(ROS), its production subsidizes to mitochondrial

damage and furthermore is crucial in redox signaling

within the cell [27]. Elevated ROS activity (by

~ 25%) was detected in Y1248H control cells in com-

parison to M1268T control. Although we observed

inhibition of ROS production in Y1248H cells

exposed for 8 h to METi, in the drug-sensitive

M1268T mutants, ROS production upon METi for

8 h appears to be significantly increased by ~ 15%

(Fig. 6G). This METi-stimulated induction of ROS

in M1268T cells was also confirmed by the use of

the cell-permeant 20,70-dichlorodihydrofluorescein
diacetate (H2DCFDA) (Fig. 6H). Tepotinib reduced

the mitochondrial membrane potential (DΨ) by 30%

in tepotinib-sensitive M1268T cells; however, no

change was observed in the tepotinib-resistant cell

line (Fig. 6I). Importantly, this finding can be poten-

tially correlated with METi-induced changes in mito-

chondrial morphology.

Discussion

The proto-oncogene MET controls genetic programs

leading to proliferation, invasiveness and anti-apop-

totic behavior. In the present study, we examined the

impact of selective inhibition of MET signaling by the

potent small molecule inhibitor tepotinib [28] in MET-

mutated NIH3T3 fibroblasts and report for the first

time that already a short treatment by METi consider-

ably modulates cellular metabolism and impairs mito-

chondrial function. We hypothesize that these events

precede and eventually contribute to cell death, the

ultimate fate of these cells induced by prolonged

METi.

To study metabolic responses toward METi, we

have employed four isogenic cellular systems differing

solely in the nature of MET-activating mutation, two

Fig. 6. (A) Timelines of cellular OCR under basal condition and after addition of modulators of mitochondrial function in both cell lines,

comparing control and METi treatment for 8 h. (B) Quantification of OCR steady-state levels of basal (M1268T METi 8 h *P = 0.012), leak

(Y1248H METi 8 h *P = 0.02), ATP-derived (M1268T METi 8 h **P = 0.005; Y1248H METi 8 h **P = 0.007), and maximal respiration

(M1268T METi 8 h *P = 0.03). (C). Timelines of cellular ECAR under basal condition and after addition of modulators of mitochondrial

function in both cell lines, comparing control and METi treatment for 8 h. (D). Quantification of ECAR steady-state levels of basal, maximal,

reserve, and aerobic CO2-contributed acidification (Y1248H:M1268T ***P = 0.00003). (E) Quantification of citrate synthase activity for both

cell lines, treated with METi for 8 h (M1268T METi 8 h **P = 0.0045; Y1248H:M1268T **P = 0.0017). CS activity is normalized to the total

protein content of the sample used in the assay. (F) Effect of METi for 8 h on mitochondria followed by MitoTrackerGreen� in both cellular

models. (G) Intracellular ROS generation rate for both cell lines (controls and tepotinib-treated) calculated from ESR kinetic plots (EPR signal

levels versus the elapsed time; Y1248H:M1268T *P = 0.018; M1268T METi 8 h *P = 0.007; Y1248H METi 8 h **P = 0.004). (H) ROS

assessment by DCFDA in M1268T cells (M1268T METi 8 h *P = 0.0109; M1268T Rot *P = 0.0879). Data are presented as means � SEM

(*P < 0.05; **P < 0.01; ***P < 0.001). (I) Effect of tepotinib and valinomycin on membrane potential (DΨ) in Y1248H and M1268T (M1268T

METi 8 h *P = 0.049; M1268T Val *P = 0.0825; Y1248H Val **P = 0.0056).
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mutants being sensitive while two others resistant

toward MET targeting [20]. Unexpectedly, distinct

basal metabolomic profiles were observed in these

mutants, most likely related to their differential

engagement with regard to MET-downstream signal-

ing. In this respect, it has been previously reported

that signal transduction induced by different activating

MET mutations can lead to preferential stimulation of

distinct signaling pathways downstream of the receptor

[22]. Specifically, particular MET mutations such as

M1250T and D1228H hyperactivate the RAS signaling

pathway, whereas other (e.g., L1195V and Y1230C)

predominantly interact with the intracellular trans-

ducer PI3K [21]. It is thus very plausible to reason

that these distinct biological properties elicited by the

different mutants alter their metabolic profiles.

When assessing the effect of METi on cellular meta-

bolome in METi-sensitive systems, we detected a pro-

nounced impact on mitochondria-related metabolite

ions. In this respect, one of the most interesting obser-

vations originating from metabolomics profiling of

MET mutant-expressing cellular systems upon METi

(Fig. 2B and Table 1) is the deregulation of the levels

of distinct vitamins such as pantothenic acid (B5) and

pyridoxal (B6) in the METi-sensitive cell lines M1268T

and H1112L following METi for 8 h. In view of the

fact that METi seems to interfere with mitochondrial

function, it is interesting to note that the biosynthesis

of the component of mitochondrial respiratory chain,

coenzyme Q, is dependent on these particular vitamins

[29]. Moreover, pantothenic acid is a precursor of

coenzyme A (CoA) which functions as an essential

acyl group carrier and carbonyl-activating group in

mitochondria. However, a plausible direct association

between the drop in levels of certain vitamins and

mitochondrial stage upon MET targeting would need

to be further explored.

METi-induced reduction of other mitochondria-re-

lated metabolite ions reported by our study, such as

succinate, fumarate, malate, and citrate, suggests a

blockage of the TCA cycle, which produces reducing

equivalents FADH2 and NADH that fuel the electron

transport chain (ETC) with their electrons [30]. More-

over, lactate, which was decreased upon METi in tepo-

tinib-sensitive cells, was shown to be a primary source

of carbon for the TCA cycle and thus of energy [31]

and it was suggested, that lactate can act as a fuel for

tumors [32]. Interestingly, additional secondary activity

metabolite ions related to the mitochondrial function

such as hydroxyglutarate, lysine and lactate were

decreased after blockade of MET signaling, suggesting

that METi treatment causes mitochondrial dysfunc-

tion. Hydroxyglutarate is converted from oxoglutarate,

a major intermediate in citric acid cycle, by phospho-

glycerate dehydrogenase [33] and lysine was reported

to have a role in mitochondrial function and damage

[34]. Lactate is on the other hand used by mitochon-

dria as a carbon source to respire [35]. Supporting our

findings, Lanning et al. [36] recently reported that the

TCA cycle metabolite 2-oxoglutaric acid, a precursor

of glutamate, was significantly reduced upon treatment

with the selective MET inhibitor capmatinib in two

TNBC mesenchymal-like cell lines MDA-MB-231 and

Hs578. Similarly, TCA cycle and central carbon

metabolites such as aspartate, fumarate, and malate

were decreased as well following erlotinib treatment

[36].

Altogether, our current data suggest a role of mito-

chondrial dysfunction as a potential factor at the ori-

gin of the reduction of mitochondrial metabolites by

cancer cells with deregulated MET activity consecu-

tive to treatment with tepotinib. It is generally

accepted that fundamental mitochondrial functions

are to participate in calcium homeostasis, to generate

ATP for proper functioning of the cell, and to regu-

late the ROS [37]. We showed that OCR, an indica-

tor of oxidative phosphorylation, was suppressed

following METi in METi-sensitive M1268T cells. This

observation is in line with previously reported modu-

lations of cellular metabolism by EGFR signaling,

where Makinoshima et al. documented changes in

OCR in EGFR-inhibitor-treated lung adenocarcinoma

cell line HCC827 and similar result was recapitulated

by Chen et al. in myeloma cells treated with the

specific EGFR inhibitor gefitinib [38,39]. The OCR

drop in M1268T cells might be caused by impairment

of mitochondrial function via mitochondrial mem-

brane depolarization following tepotinib administra-

tion, which was previously reported using other

tyrosine kinase inhibitors. Lapatinib, a dual HER2

and EGFR inhibitor, as well as gefitinib both

induced cytotoxic effect and mitochondrial membrane

depolarization, while sorafenib, a VEGFR, PDGFR,

and RAF kinases inhibitor, promoted apoptosis and

dissipation of mitochondrial potential in breast cancer

cell lines [40]. The associated morphology of mito-

chondria after treatment with tepotinib in drug-sensi-

tive cell line, which demonstrated a granular

appearance [41], potentially indicates either (a) activa-

tion of intrinsic apoptotic pathway, where formation

of short, round mitochondria is specific for apoptosis

[42], thus suggesting the role of tepotinib in a regula-

tion of mitochondria-mediated cell death, supported

by finding that mitochondria is a potential direct tar-

get of MET inhibitor PHA-665752 in gastric cancer

cell line SNU5 [43]; or (b) alternatively suggests a
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deregulation of mitochondrial networks by METi.

Intact mitochondria perform active exchange of mito-

chondrial DNA and proteins through mutual interac-

tions and these networks might be disturbed by

fission to fusion dysbalance [44].

We further showed that the observed change in

mitochondrial morphology of M1268T cells following

8 h of METi treatment is correlated with a significant

increase in ROS production. ROS production is usu-

ally stimulated by dysfunctional mitochondrial oxida-

tive phosphorylation and causes a release of

cytochrome c from mitochondria, triggering the cas-

pase pathways and subsequent activation of apopto-

sis. Moreover, both endoplasmic reticulum and Ca2+

channels are affected by ROS and it has been shown

that increased intracellular Ca2+ levels trigger depolar-

ization of mitochondrial membrane, loss of mem-

brane potential, and generation of ROS, resulting in

cellular necrosis [45]. Interestingly, it has been shown

that the inactivation of TCA cycle leads to an

increased ROS release to the cytosol through the

detoxifying capacity of mitochondria [46]. Further-

more, the elevated levels of ROS in METi-treated

M1268T cell line are supported by a study showing

that BRAF inhibition with vemurafenib induces an

increase of oxidative stress in melanoma cancer cells

by upregulating ROS concomitantly with the induc-

tion of pyruvate dehydrogenase phosphorylation [47].

The levels of ROS-scavenging enzymes such as super-

oxide dismutase, glutathione peroxidase, and peroxire-

doxin are significantly altered in malignant cells and

the difference between M1268T and Y1248H ROS

levels suggests highest resistance of Y1248H to pro-

oxidative insult. We hypothesize that the observed

decrease in ROS production in METi-resistant

Y1248H exposed to METi for 8 h could correspond

to the aberrant regulation of redox homeostasis; the

redox adaptation through the elevation of endoge-

nous antioxidants might be crucial not only in cancer

development but also in the activation of cell survival

pathways, capacity to tolerate exogenous stress and

drug resistance [48]. Moreover, it has been reported

that increased proton leak states, that are observed in

Y1248H upon METi, are also associated with

decreased ROS levels, possibly playing a protective

role by mitigating ROS production [49].

Activity of citrate synthase, an enzyme that is

allosterically regulated by several key metabolites (e.g.,

acetyl-CoA, ATP, citrate and succinate [50]), was

decreased in M1268T cells after 8 h of METi treat-

ment. Citrate plays a critical role in the fatty acid syn-

thesis, where it can be used in the production of acetyl

groups [51], consequently suggesting that fatty acid

synthesis can be a potential target of METi. The TCA

cycle and ETC have a balanced partnership—they

each lean on the other to function properly and a

reduction of citrate synthase can potentially affect the

flow of cellular respiration followed by tumor growth

attenuation, inhibition of invasion, migration and

upregulation of glycolysis in MET-overexpressing

tumors as was shown previously in ovarian carcinoma

with increased citrate synthase activity [52]. Interest-

ingly, the activity of citrate synthase was higher in

unperturbed Y1248H compared to M1268T, indicating

that there is a difference in mitochondrial abundance

between the two cell lines, most possibly caused by

different metabolic profiles of these isogenic cell lines

and their different intensity of downstream signals

(Fig. 1D,E). A 2007 study by Sharma et al. [53]

revealed that citrate synthase activity falls significantly

under conditions of oxidative stress. Decreased citrate

synthase activity was reported also in a rat brain

tumor where lipid peroxidation occurred, suggesting

that conditions of oxidative stress could inactivate ci-

trate synthase [54]. Here we report a correlation

between a loss of citrate synthase expression and ROS

generation. Untreated M1268T cells, with comparably

low ROS levels detected, displayed higher citrate syn-

thase activity while in case of Y1248H control cells,

higher ROS level, and lower citrate synthase activity

were recorded, thus leading to the hypothesis that

decreased citrate synthase activity may reflect oxida-

tive inactivation.

The observed decrease in mitochondrial membrane

potential can be caused by impairment of the function

and/or uncoupling of the respiratory chain [55]. This

reduction was compatible with impaired mitochondrial

function, confirmed by decreased OCR, TCA cycle,

and increased ROS levels. The decrease of mitochon-

drial membrane potential was shown as well in the

human hepatocellular carcinoma cell line HepG2 upon

treatment with imatinib, lapatinib, and sunitinib [56].

Moreover, the dysfunctions of the respiratory chain

components, lower DΨ and decreased activity of the

respiratory chain was reported with a simultaneous

increase in ROS production [57,58].

In conclusion, we report particular metabolic pro-

files and changes as novel readouts of MET RTK sig-

naling and its targeting. In this respect, in response to

the specific MET small molecule inhibitor tepotinib,

drug-sensitive cell lines showed reduction of TCA

cycle-related metabolites, decrease of OCR as well as

reduction of mitochondrial metabolites and the impair-

ment of the function of mitochondria itself, whereas

no such impact of METi was observed in METi-resis-

tant cell lines. Although further biological
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investigations are warranted to understand the exact

metabolic effects related to METi in MET-deregulated

systems, these and similar observations could poten-

tially serve as means to predict the response to and,

more importantly, efficacy of METi treatment.

Materials and methods

Cell culture

NIH3T3 cell lines that stably express the M1268T, Y1248H,

L1213V, and H1112L MET-activating point mutations (re-

ferred to as NIH3T3 MET M1268T, NIH3T3 MET Y1248H,

NIH3T3 MET L1213V, and NIH3T3 MET H1112L, respec-

tively) were previously described and their identities were doc-

umented by sequencing of both strands of DNA in the region

of interest [20]. They were kindly provided by Dr. Laura Sch-

midt (National Cancer Institute, Frederick, MD) and main-

tained in DMEM (GIBCO) supplemented with 10% FCS,

antibiotic-antimycotic, and 0.5 mg�mL�1 Geneticin/G-418

sulfate (GIBCO, Basel, Switzerland).

MET inhibition

MET enzymatic activity was inhibited by the MET tyrosine

kinase small molecule inhibitor tepotinib [EMD1214063

(referred to as EMD); Merck, Darmstadt, Germany] at a

final concentration of 50 nM for the indicated time points.

Crystal violet assay

For determining viability of cultured cells upon stimulation

with tepotinib, crystal violet assay was performed. A total

of 4 9 104 cells per well was seeded into a 24-well plate for

24 h and afterwards, cells were allowed to grow for 72 h

with tepotinib added for 72, 48, 24, 8, or 2 h before stain-

ing (controls were treated with DMSO for 24 h). Cells were

subsequently fixed and stained with 2% crystal violet in

1 : 3 methanol and 2 : 3 acetic acid (v : v) for 30 min at

room temperature. Stained cells were washed with deion-

ized water until a clear background was visible. Wells were

scored and quantified using the ‘Analyze Particles’ plug-in

of ImageJ (imagej.nih.gov/ij/). Experiments were performed

independently three times.

Protein extraction and western blot analysis

Cells (6 cm plates, 80% confluency) were lysed in urea lysis

buffer (HEPES, urea, sodium orthovanadate, sodium

pyrophosphate, b-glycerol-phosphate) followed by sonica-

tion. Total protein concentrations were determined with the

Bio-Rad protein quantification reagent (Bio-Rad Laborato-

ries, Inc., Hercules, CA, USA) and 50 lg of total proteins

were resolved by SDS/PAGE on 10% gel (50V, 3–4 h).

Separated proteins were transferred to PVDF membranes

(100V, 1 h) followed by blocking with 5% milk in TBS/T for

1 h and overnight incubation with primary antibodies against

p-Y1234/Y1235 MET, p-Ser473 Akt, p-Thr202/Tyr204 Erk1/

2, p-Ser235/236 (Cell Signaling Technology, Danvers, MA,

USA, 1 : 200 to 1 : 1000) at 4 °C. Incubation of membranes

was done with appropriate secondary antibodies (1 : 1000)

for 1 h at RT and signals were detected with the ECL kit

(AmershamPharmacia Biotech, Little Chalfont, UK). Experi-

ments were performed independently three times.

Apoptosis assay

Enzymatic activity of caspase-3 was evaluated via a fluoro-

genic assay based on the caspase-3-specific substrate Ac-

DEVD-AMC (Calbiochem, San Diego, CA, USA). Cell

lines were plated in 10 cm plates; the substrate was added

to cell lysates after 30 min, 2, 8, 24, 48, and 72 h of treat-

ment with tepotinib. Fluorescence was measured at excita-

tion and emission wavelengths of 380 and 460 nm,

respectively, with an Infinite 200 plate reader (Tecan Group

Ltd., M€annedorf, Switzerland). Caspase-3 activity was nor-

malized to protein content and results shown are represen-

tative of at least three independent experiments.

Metabolites extraction

NIH3T3 MET M1268T, H1112L, L1213V, and Y1248H

cells were seeded in six-well plates (each experimental condi-

tion was plated in quadruplicates) and treated as indicated.

At every given time point, cells were washed with 75 mM

ammonium carbonate (Sigma) pH 7.4, quenched by snap

freezing with liquid nitrogen, and stored at �80 °C.
Metabolites were extracted with 400 lL of the extraction

solution (2 : 2 : 1 acetonitrile : methanol : water; �20 °C)
on ice for 10 min. The plate was re-extracted one more time

with 400 lL extraction solution, allowing for a high recov-

ery rate to perform qualitative comparison between condi-

tions. The extracts were collected in a 1.5 mL eppendorf

tubes and centrifuged (4° C, 15 700 g, 2 min). Supernatants

were stored at -20°C until analysis by mass spectrometry.

Non-targeted mass spectrometry (MS)

measurements

For non-targeted metabolite profiling, samples were ana-

lyzed by flow injection analysis on a 6550 Agilent Q-TOF

instrument as previously described [59], in negative ioniza-

tion mode (m/z range of 50–1000) at 4 GHz high resolution

mode. Ions were putatively annotated based on accurate

mass against the KEGG database with a tolerance of

0.001 Da. Ion annotation matches are reported in

Table S2. Statistical analysis of the resulting metabolomics

data was performed using Matlab.
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Extracellular flux analysis

Extracellular flux analysis was assessed in intact cells using

an XF24 analyzer (Seahorse Bioscience, North Billerica,

MA, USA). Oxygen consumption rate (OCR), an indicator

of mitochondrial respiration, and extracellular acidification

rate (ECAR), an indicator of glycolytic lactate or respira-

tory CO2 production, were measured in parallel. Cells were

plated into the XF24 cell culture plates (Seahorse Bio-

science) at a density of 20 000 cells per well in DMEM

(10% FBS) and incubated at 37 °C, 5% CO2 overnight.

Cells were treated with tepotinib for 8 h. Before the experi-

ment, cells were washed with assay medium (unbuffered

DMEM) and placed at 37 °C in a CO2-free incubator for

1 h. OCR and ECAR of intact cells were monitored in assay

medium over time under basal condition, and after addition

of modulators of mitochondrial function. First the ATP-

synthase inhibitor oligomycin (oligo, 1 lM) was injected to

measure proton leak respiration, followed by the uncoupling

agent carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

(FCCP, 1.5 lM) to stimulate respiration maximally, and

finally the complex I and III inhibitors rotenone (1 lM) and
antimycin A (1 lM) were added to assess non-mitochondrial

respiration. After each experiment cell numbers were cor-

rected for amount of protein in each well. OCR steady-

states were calculated after subtraction of non-mitochon-

drial respiration. ATP-derived respiration represents the dif-

ference between basal OCR and proton leak OCR after

oligomycin. Reserve acidification represents the difference

between basal ECAR and maximal ECAR under FCCP.

Determination of citrate synthase activity

The mitochondrial matrix marker enzyme citrate synthase

was measured spectrophotometrically using a UV-1601

spectrophotometer (Shimadzu) following the method based

on Shepherd and Garland [60]. Cell homogenate was pre-

pared in buffer containing 20 mM Tris/HCl (pH 7.2),

250 lM saccharose, 40 mM KCl, 2 mM EGTA, 1 mg�mL�1

BSA, and was sonicated 39 prior to use. The reaction

was conducted in assay buffer containing 100 mM Tris/

HCL (pH 8), 0.2% (vol/vol) Triton X-100, 100 lM DTNB

and 400 lM Acetyl-CoA using 1 mL sample cuvettes ther-

mostatically maintained at 30 °C. The reduction of 5,50-
dithio-bis-(2-nitrobenzoic acid) (DTNB) was monitored at

412 nm and after 2 min 500 lM oxaloacetic acid was

added. Values were estimated by the difference in activity

levels measured in the presence or absence of oxaloacetic

acid. The activity was normalized to the amount of pro-

tein in each sample.

Fluorescence light microscopy

A total of 104 cells were plated on chamber slides in dupli-

cates, treated with tepotinib for 8 h and stained with

200 nM MitoTrackerGreen� (Cell Signaling Technology,

#9074) for 30 min. Images were acquired with a fluorescent

microscope (Leica DM5500 B, 1009 oil immersion phase

contrast objective).

Reactive oxygen species (ROS) measurements

Cells were grown in 175 cm2 tissue culture flasks (Eppen-

dorf, Hamburg, Germany) at 37 °C, 5% CO2 overnight.

Cells were scraped (Sarstedt, N€umbrecht, Germany), cen-

trifuged at 400 g for 2 min and transferred into the

2 mL Eppendorf tube with whole medium with added

10 mM 1-Hydroxy-3-methoxycarbonyl-2,2,5,5-tetram-

ethylpyrrolidine (CMH) spin trap (Noxygen Science

Transfer & Diagnostics GmbH, Lindenmatte, Germany)

and incubated at 37 °C. Aliquots of 12 lL of cell sus-

pensions were transferred into 0.9 mm ID and 1.1 mm

OD quartz capillary tubes (VitroCom, Boonton,

NJ, USA, sample height of 25 mm) and sealed with Cha-

SealTM tube sealing compound (Medex International,

Inc., Burtonsville, MD, USA). Electron spin resonance

(ESR) experiments were carried out at room temperature

using an ESP300E spectrometer (Bruker BioSpin

GmbH, Billerica, MA, USA), equipped with a standard

rectangular mode TE102 cavity with following settings:

microwave frequency ~ 9.38 GHz, microwave power

2 mW, sweep width 100 G, modulation frequency

100 kHz, modulation amplitude 0.5 G, receiver gain

2.4 9 104, time constant 40.9 ms, conversion time 81 ms,

and time per single scan 81 s. For each experimental

point of ROS detection with CMH, two-scan field-swept

ESR spectra were recorded. Intracellular CMH-related

signal concentrations were determined using the following

calculation: CCMH = CTEMPOL(1 mM) 9 ICMH(t)/ITEMPOL

(1 mM) where CCMH is the molar concentration of the oxi-

dized form of CMH after incubation in cells, TEMPOL

(1 mM) is 1 mM concentration of TEMPOL reference

sample, I TEMPOL (1 mM) is the ESR signal intensity

of TEMPOL reference sample, and ICMH(t) is the ESR

signal intensity for the oxidized form of CMH after incu-

bation. All spectra were collected by adopting the same

protocol. Experimental data were analyzed using the

ORIGINPRO 9 software. Statistical analysis was performed

using unpaired t-test.

DCF method for detection of intracellular ROS

Measurements of intracellular ROS levels were performed

using 20,70-dichlorodihydrofluoroscein diacetate (DCFH2-

DA). Cells were incubated in the presence of 10 lM
DCFH2-DA in phosphate-buffered saline (PBS) at 37 °C
for 30 min then washed two times with. The trapped fluo-

rescent dye (DCF) inside the cells used to evaluate and

detect intracellular ROS. The fluorescence values at differ-

ent conditions were monitored by excitation at 498 nm and
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emission 530 nm. Rotenone was used as a positive control

at a concentration of 1 lM.

Mitochondrial membrane potential

Mitochondrial membrane potential in NIH3T3 mutated

cells was determined using Tetramethylrhodamine, Methyl

Ester, Perchlorate (TMRM, accumulating in the highly

negatively charged interior of mitochondria) (Invitrogen,

Carlsbad, CA, USA). Cell lines were seeded in 96-well

plates (5000 cells/well) and treated with 50 nM tepotinib

for 8 h. Cells were washed with PBS and suspended in

PBS with 10 nM TMRM. Cells were incubated for

30 min at 37 °C. After, cells were washed with PBS and

fluorescence was measured at excitation and emission

wavelengths of 488 and 570 nm, respectively, with an

Infinite 200 plate reader (Tecan Group Ltd.). Valino-

mycin was used as a control for loss of potential at a

concentration of 1 lM.

Statistical analysis

Statistics and graphical presentation of the data except

metabolomics data were performed using PRISM GRAPH

(version 5.03). Data for each treatment group were repre-

sented as means � SD, if not written otherwise, as indi-

cated and compared to evaluate significance using the

Student t-test.
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